Understanding atmospheric photochemical oxidation capacity is key to the evaluation of human impacts on the atmosphere. In this study, an observation-based box model constrained by in-situ measurements was used to analyze budgets of OH and HO 2 (two key oxidants) in polluted conditions during August 2008 in urban Beijing. The results showed that photolysis of HCHO and other VOCs were the dominant factors influencing HO x production. Photolysis of HONO and alkene ozonolysis were also significant. Aerosol had a considerable impact on HO x and O x production, as revealed by sensitivity simulations, reducing the concentrations of OH and HO 2 by 56% and 25%, respectively. Among the reductions, that of OH was mostly through the radiative effect of aerosol, while HO 2 reduction was from both radiative and heterogeneous chemical effects of aerosol. This impact of aerosol on atmospheric oxidation capacity led to a 100−200% increase in the lifetimes of NO 2 , CO and SO 2 . This implies that aerosols may increase the transport distance of gaseous pollutants.
Introduction
The self-cleaning of many atmospheric primary pollutants and formation of secondary pollutants are governed by the air photochemical oxidation capacity. Hydroxyl radical (OH) and hydroperoxyl radical (HO 2 ) are the most chemically reactive species and therefore are the major components making up the atmospheric photochemical oxidation capacity (Shao et al. 2004 ). So we regarded HO x (HO 2 +OH+RO 2 ) as photochemical indicators in this study. In general, daytime HO x are produced by the photolysis of ozone (O 3 ), formaldehyde (HCHO) and nitrous acid (HONO) (Mao et al. 2010) . Alkene ozonolysis acts as another very important source (Elshorbany et al. 2008) . The HO x sinks typically include the formation of nitric oxide (OH+NO 2 +M), self-and crossreactions of peroxy radicals and reactions of NO 3 -derived peroxy radicals (Kanaya et al. 2007) . Recently, heterogeneous reaction of HO 2 on sulfate aerosol has been recognized as a new HO x -sink (Kanaya et al. 2009 ).
Atmospheric oxidation capacity has been significantly changed by human activities over the past century. Besides increasing anthropogenic emissions of nitrogen oxides (NO x ), carbon monoxide (CO) and volatile organic compounds (VOCs), and the radiative and heterogeneous chemical effects of aerosols on OH and HO x are also important pathways by which the photochemical environment has been altered by human activities. Understanding OH variability is important in the evaluation of human impacts on the atmosphere and climate (Montzka et al. 2011) . Previous model studies have focused on global-scale changes of oxidation capacity induced by aerosols using global chemical transport models with a horizontal resolution of several hundred kilometers ) but relatively few have explored urban-scale changes in metropolitan areas where high aerosol loading is more frequently observed compared with the rest of the atmosphere (Kanaya et al. 2009 ). The coarse resolution and emission inventory in global models could cause significant errors of model results in urban areas, in particular for HO x radicals with short lifetimes. In this paper, we focus on changes of atmospheric oxidation capacity caused by aerosols in Beijing using an observation-based box model. As a megacity with a population near 20 million, Beijing is experiencing high aerosol loading and ozone concentration (Li et al. 2011) . This provided us with a perfect opportunity to test the impact of aerosols. The in-situ observations that were input into a box model significantly reduced the model uncertainties resulting from the emission inventory.
Methodology

Sampling site and measurement techniques
The measurements were performed in the downtown area of the city of Beijing at the 8-m level of a 325 m meteorological tower (39.15°N, 116.07°E) situated at the campus of the Institute of Atmospheric Physics, Chinese Academy of Sciences. No direct industrial sources are located near the site.
Hourly O 3 , CO and sulfur dioxide (SO 2 ) were measured by commercial instruments (Thermo Electron, Model 49C, 48C and 43CTL respectively). Hourly NO x * was detected by a commercially available instrument (Thermo, model 42CTL). This instrument can convert both NO 2 and some other nitrogen oxides (PAN and HNO 3 ) to NO, so the observed NO x * was in theory more than NO x . We assumed NO x to be 60 and 90% of NO x * in the daytime and nighttime, according to previous NO, NO 2 and total reactive nitrogen oxides (NO y ) observations in downtown Beijing in the summer of 2006 by Chou et al. (2009) . As many as 55 VOCs including alkenes, alkanes, cycloalkanes, halocarbons, and aromatic hydrocarbons were measured using a preconcentrator instrument (Entench 7100) and a GC−MS system (Finnigan Trace GC/Trace DSQ). The technique details can be found in Mao et al. (2008) . The sampling was made typically at 9:00 and 14:00 BJT, with a sampling duration of 3 min. We scaled the two samples to 24-hour values from the previously observed summer mean diurnal cycle of VOCs. Soot was observed with a Thermo MAAP Model 5012. Hourly aerosol optical depth (AOD) at 532 nm and boundary layer (BL) height were observed with a dual-wavelength (1064 nm, 532 nm) depolarization Lidar developed by the National Institute for Environmental Studies, Japan (NIES).
The simulated period was selected in two representative cases of both severe gaseous and aerosol pollutions (13 th and 20 th August 2008) (Fig. S1 ). The maxima of O 3 reached 77 and 86 ppbv on 13 th and 20 th August, respectively. And VOCs were over 1.5 times its monthly mean values. AOD550 ranged from 0.5 to 2.3. This allowed us to investigate the mechanism of impact of aerosols. Particularly, wind velocity on 13 th August was only 0.5 m s −1 (70% of the monthly mean value), which suggested the accumulated pollutants on this day mostly came from the local emissions.
Modeling calculations
A photochemical box model based on CBM-Z (Zaveri and Peters 1999) was used. CBM-Z employs 133 reactions for 53 species and a one-product isoprene mechanism which explicitly represents most of isoprene's reactive products. show a noon-maximum pattern resulting from the solar radiation variation. The maxima of OH and HO 2 reached 0.3 and 39 pptv, respectively. The OH maximum was quite similar to the summer observations (~0.3 pptv) at New York which has similar latitude and altitude (40.7°N, 124.9 m a.s.l), but HO 2 was near eight times higher than it was at New York (4.2 pptv) (Mao et al. 2010) . This difference was primarily caused by the lower NO x /VOCs in Beijing. Both cities had similar NO x levels (~25 ppbv), but VOCs in Beijing (243 ppbC) were higher than those in New York (~100 ppbC) (Mao et al. 2010) , which means that more HO 2 was produced by the photolysis of VOCs and reactions of OH with VOCs.
The model estimated that 256 ppbv of ozone, one of the important precursors of HO x , was produced in one day and the maximal rate reached the rate of 55 ppbv h −1 at noon (shown in S4). This was much higher than 58 ppbv day −1 at Mt. Tai (a mountain site in central east China) (Kanaya et al. 2009 ), suggesting that local photochemistry was active in Beijing. Table 2 lists major production and loss processes of HO x and their contributions to the total rates as daytime averages (8:00− 18:00 BJT). OH production and loss rates were basically in equilibrium with a magnitude of 2.8 × 10 8 cm
, which was much higher than it was at rural sites in China (e.g. 4.7 × 10 7 cm −3 s −1 at Mt. Tai) (Kanaya et al. 2009 ).
The HO 2 +NO reaction was the most important contribution (92%), much more important than ozone photolysis (O 1 D+H 2 O). This is a common phenomenon in urban air and different from that in remote areas where O 3 photolysis is more important (Shao et al. 2004 ). The OH loss was dominated by OH+CO, OH+OLE, OH+OVOCs and OH+NO 2 reactions. Among all VOCs species, OVOCs and olefin were the most reactive in terms of OH loss. The sum of these two groups accounted for 28% of OH loss. CO played a more important role than NO 2 , which was opposite to observations at Guangzhou in China (Shao et al. 2004) .
The HO 2 +NO reaction was the most important O 3 production channel in central eastern China (Kanaya et al. 2009 ). Table 2 shows that CO+OH, RO 2 +NO, VOCs+OH and HCHO+hv reactions accounted for most of the HO 2 production. This suggests that the O 3 concentration in Beijing was sensitive to CO and VOCs. Because of the high NO concentration, the HO 2 +HO 2 reaction and heterogeneous reaction on sulfate aerosol were unimportant, and accounted for only 4−5% of the total loss rate.
Because of HO 2 +NO reaction is just the cycling between OH and HO 2 , a further evaluation of the radical budget is needed to understand the sources and sinks of total HO x . The production and loss rates of HO x were in balance, achieving a steady state. The daytime mean initial production rate was 7.1 × 10 7 cm −3 s −1
, three times of that in Tokyo (2.2 × 10 7 cm −3 s −1
) (Kanaya et al. 2007 ). In Beijing, photolysis of HCHO and VOCs other than HCHO (OTVOCs) were the dominant sources, with 24% and 39% conof aerosol on atmospheric oxidation capacity, we coupled two new schemes into CBM-Z: 1) a heterogeneous chemistry scheme including 8 chemical reactions and two aerosol species (soot and ammonium bisulfate) (listed in Table S1 in Supplements). The first-order rate constant is calculated based on Jacob's study (Jacob 2000) ; (2) an accurate radiative transfer model (TUV 4.5) . In the box model, TUV generates 20 photolysis rates for the CBM-Z gas-phase mechanism at each integrating time step, and considers the impact of aerosols through inputting observed aerosol optical depth, single scattering albedo of aerosols (SSA) and other optical parameters. SSA ranged from 0.8 to 0.95 with a mean value of 0.9.
The observed NO, NO 2 , CO, SO 2 , C 3 −C 12 VOCs, NH 3 , O 3 , AOD and BL height, water vapor, ambient temperature and pressure were averaged or interpolated with a time resolution of 5 min and used as constraints on the model. The observed VOCs were lumped into 6 groups (paraffin carbon, terminal olefin, internal olefin, toluene, xylene, isoprene) used in CBM-Z based on the regression equation suggested by the U.S. Environmental Protection Agency (1989). Hourly HCHO was taken from the observation by Li et al. (2010) . The diurnal HONO was set to the summer mean diurnal observations at the same site in 2007 reported by Zhu et al. (2009) using a 470 m light path (one-way) Differential Optical Absorption Spectroscopy (DOAS) with a detection limit of 0.35 ppbv. HONO exhibited a diurnal pattern with nighttime maximum (1.1 ppbv) and daytime minimum (0.35 ppbv).
Aerosol surface area (SA) was converted from the observed aerosol mass concentrations. We assumed that aerosols were spherical, and the mean radius and mass density of sulfate and soot were taken from Tie et al. ). The time of 00:00 BJT on every day was regarded as the initial time. To spin up diurnal variations in the concentration of unmeasured organic species, a 24-h calculation was repeated three times using the output of the previous 24-h calculation as input. The calculated results for the last 24 h were used as output. Additional loss by deposition with a corresponding lifetime of 3 days was assumed to avoid build-up of unrealistic amounts of secondary products.
Section 3 shows the mean HO x concentrations in urban Beijing and the mean impacts of aerosol on 13 th and 20 th August 2008.
Results and discussion
We performed four sensitivity runs (Table 1) . Clearly, S4 represented the oxidation capacity in the real atmosphere in Beijing. The impact of aerosols via changing photolysis rates (Con_photo) can be calculated as follows:
where C 1 and C 2 represent the HO x concentrations in simulation S1 and S2. Similarly, the impact of heterogeneous processes (Con_het) and the two effects coupled (Con) were calculated as follows: Figure 1 shows the mean daytime variations on 13 th and 20 th August (similarly hereafter) in the calculated concentrations of OH and HO 2 and O x (O 3 +NO 2 ) net production (P(O x )) in S4. The tribution. Alkene ozonolysis, HONO and O 3 photolysis were also significant contributions to HO x production. Their contributions were 8%, 9% and 9%, respectively. This structure was different from that in New York, where photolysis of HONO was the dominant daytime HO x production source (56%). HCHO photolysis only accounted for 8% of HO x production (Ren et al. 2003) . The major sink of HO x was the OH+NO 2 reaction. The HO 2 heterogeneous reaction on sulfate aerosol surfaces contributed 9% to total loss rate. This estimation is the same as the result in Tokyo Kanaya et al. (2007) . Table 3 lists the daytime mean impacts of aerosols on OH, HO 2 and P(O x ) calculated with Eqs. (1)−(3). Figure S2 shows the observed and simulated ultraviolet (UV) (280−400 nm) radiation (W m −2 ) in S1 and S4 scenario. Clearly, the influence of radiative-heterogeneous coupling of aerosol was significant. The OH and HO 2 concentrations were reduced by 56% and 25%, respectively. The perturbation of radicals led to a 59% reduction of O x production. This suggests that both oxidation capacity and photochemistry were changed by aerosols in Beijing in summer. Beijing showed more significant OH reduction by aerosols via changing photolysis frequencies than other megacities (Houston and Mexico City) where the reductions were only 10−30% (Li et al. 2005; Castro et al. 2001) .
The abundances of OH, HO 2 and P(O x )
Impacts of aerosol on HO x concentration and P(O x )
In details, the impacts of aerosols on OH and P(O x ) via changing photolysis frequencies were much more significant than those via heterogeneous uptakes in Beijing. OH concentration was reduced by 53% via the radiative effect and 2% via heterogeneous uptakes. For HO 2 , the reductions were 16% and 7%, respectively. This feature is consistent with previous studies (Saylor et al. 1997) in which heterogeneous chemistry may not be important in high NO x conditions. Note that due to interactions between radiative and heterogeneous forcing when those processes operate simultaneously, as in nature, the coupled effect was not equal to sum of the two individual processes.
It found that the radiative effect of aerosol shifted the OH daytime maximum from 13:00 BJT to 12:00 BJT and decreased its magnitude from 0.4−0.5 pptv to 0.2−0.3 pptv (Fig. 1) . For HO 2 , their concentrations in the four scenarios presented a similar diurnal pattern with maxima at 14:00 BJT.
Impacts of aerosol on chemical lifetimes of pollutants
The lifetime, τ, of a species in a chemical reaction is equal to the inverse of the reaction rate coefficients multiplied by the OH concentration measured in this study. τ is determined by the temperature, relative humidity, pressure and atmospheric oxidation environment. Figure 2 shows the calculated lifetimes of NO 2 , CO and SO 2 in the four scenarios in Beijing. In the real atmosphere in Beijing (S4), daytime mean lifetimes of NO 2 , CO and SO 2 were 12.8, 453.9 and 124.7 hours, respectively. For all three pollutants, τ reached the minimum at noon (half of daytime averages).
As discussed in Section 3.2, aerosol has greatly decreased the atmospheric oxidation capacity in Beijing in summer. As one of results of this decrease, lifetimes of three atmospheric pollutants increased 100−200% in Beijing. Compared with the heterogeneous chemical effect, the influence of the radiative effect of aerosol was more significant.
Model uncertainty
Measurements of HO x in China have been sparse, and even now only in Guangzhou and Beijing have there been a few limited direct observations during two field campaigns (PRD2006 and CAREBeijing2006) (Shao et al. 2004; Hofzumahaus et al. 2009 ). So we had to estimate OH and HO 2 concentrations in Beijing using a box model to assess atmospheric oxidation capacity and the role of aerosol. This could lead to some errors.
One error of simulation came from the simplified treatment by CBM-Z box model of the speciation of VOCs. CBM-Z lumped the observed ~60VOCs into a small number of species according to the reactions of similar carbon bonds. This compromises on the initial reactivity of hydrocarbon mixtures (Zaveri and Peters 1999) .
Another model uncertainty was related to the current limited understanding on radical chemistry. For example, in most models based on current understanding, the recycling of OH proceeds through HO 2 reacting with NO, thereby forming ozone. However, Hofzumahaus et al. (2009) proposed a new pathway for the regeneration of OH independent of NO. These new findings need validation by more measurements before being incorporated into models.
In the present study, because on-line observation of HONO was lacking, we used the previous summer mean observations in other years as input parameters. This also may cause minor errors.
Although there are a variety of sources of model uncertainty, previous studies have indicated that simulated and observed daytime HO x in past urban atmosphere agree reasonably, within a factor of 2. This indicates that the currently used tropospheric chemistry mechanisms are generally acceptable for describing the approximate daytime behavior of radicals in the urban atmosphere (Kanaya et al. 2007 ).
Conclusion
Beijing has been experiencing rapid increases of ozone and aerosol loading for several decades, which could lead to changes of atmospheric oxidation capacity and therefore affect the atmosphere's self cleaning capacity. We here used an observationbased box model and related observations to investigate the current OH and HO 2 and their budgets of urban Beijing under polluted conditions in 2008 Olympics games. The maxima of OH and HO 2 reached 0.3 and 39 pptv, respectively. The radical transformation between OH and HO 2 dominated their budgets. For the group consisting OH, HO 2 and RO 2 , photolysis of HCHO and the other VOCs dominated the total production rates (24% and 39%, respectively) in Beijing; which were much higher in other megacities. Alkene ozonolysis and HONO photolysis accounted for 8% and 9%, respectively. This work also indicates that aerosol greatly decreased atmospheric oxidation capacity in Beijing. The impact of aerosol via changing photolysis rates focused on OH, while heterogeneous chemistry mainly changed HO 2 concentration. Lifetimes of daytime NO 2 , CO and SO 2 increased 100−200% because of the impacts of aerosol.
